We derive structure functions and the longitudinal-transverse cross section ratio R=C!JI. /!Jr in deep inelastic scattering in a covariant harmonic oscillator quark model with QeD corrections. That is, the structure functions derived in the model are used as an initial condition at a certain Q' =c Qo' for the renormarization group equation. We show that our model consistently reproduces experimental values of structure functions. Non-leading order of Q' corresponding to higher twists is also evaluated. It is pointed out that the twist-four contribution in R is considerably large and important in the region with high .;. § 1. Introduction Quantum chromodynamics (QeD) is considered to be the most plausible model to describe hadron dynamics. An interesting feature of QeD is asymptotic freedom!) in high energy scattering. This property gives us a base for perturbative treatment and parton modef) at high energies. Asymptotic freedom • also justifies the interpretation of new heavy resonance spectrum in terms of Breit potential induced by one-gluon exchange 3 ) and the same idea is also applied to low-lying light resonances!) The perturbative QeD was tested in inclusive scattering and the predicted logarithmic scaling violation 5 ).6) is consistent with experiments.
Quantum chromodynamics (QeD) is considered to be the most plausible model to describe hadron dynamics. An interesting feature of QeD is asymptotic freedom!) in high energy scattering. This property gives us a base for perturbative treatment and parton modef) at high energies. Asymptotic freedom • also justifies the interpretation of new heavy resonance spectrum in terms of Breit potential induced by one-gluon exchange 3 ) and the same idea is also applied to low-lying light resonances!) The perturbative QeD was tested in inclusive scattering and the predicted logarithmic scaling violation 5 ).6) is consistent with experiments.
Distribution of partons is, however, unknown in the perturbative QeD, because it is closely connected with low energy and long distance dynamics (bound state dynamics) of QeD. Evaluation of higher twist contribution is also formidable in this scheme. Therefore the longitudinal-transverse cross section ratio R = od OT, in which the contribution of the higher twists is important in high 5) is not reproduced well in the present experimental Q2 region. It is not surprising if we remember that the contribution of twist 4 will be described typically as [Q2( 1-x) ]-2 at x ~ l. In the parton model these higher twist effects will be interpreted as the effect of primordial transverse momentum (p J. ) of parton and! or off-shell effect. It is known that the effect of the primordial transverse momentum is related to the twist 4 contribution Structure Functions and R = od OT in a Covariant H 0. Q. M.
described in terms of a confining potential in non·relativistic limit. But it seems to be very difficult to describe high energy reactions in terms of such a non-relativistic dynamics. We need a Lorentz covariant confining bound state model in order to study the connection of the bound state phenomena at low energies to the high energy and/ or the high momentum transfer reactions.
An interesting Lorentz covariant bound state model proposed by Fujimura, Namiki and one of the authors (T. Furthermore the wave function of the model can be useful only for phenomena in which the valence Quark dominance. assumption is reasonable. In the deep inelastic region, however, it is well known that gluon and sea Quark contributions are very important. In order to extend this model to these hard scattering phenomena, in this paper we evaluate structure functions in the following procedure: Structure functions are calculated in the covariant harmonic oscillator Quark model at a certain Q2( == ~ q2) = Q02, where the valence Quark dominance 10 ) is acceptable, and it is extended to the high Q2 region by following the perturbative QeD corrections, i.e., the renormalization group eQuation.
2 ), 11) In our evaluation we assume that photon couples with one valence Quark. That is to say, we study the diagram shown in Fig. 1 . It is also assumed that the scattered Quark by the photon is on-shell as The spring constant of the harmonic oscillator a is fixed by the charge radius of Deep inelastic scattering is represented by W"v,
We can reduce W"v as follows:
The j-th quark interacts with photon and the constraint 0 .) The factor (g "V ~ q "qvl q2) does not affect any physical quantities. It will be shown afterwards that vWz satisfies subsidiary conditions corresponding to the conservation law of momentum and for the number of valence quarks in nucleon in the free quark limit defined by Q' -> 0, i. e.,
Integrations in (2·4) cannot be done analytically for finite values of QZ, but it may be instructive to see the behaviour of the leading order of QZ for WI and vWz, *J Details of the wave function, linear rising mass formula and form factors are also given in the Appendix. 
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which is non-zero at .;7 = 1. From (2·8) it is clear that the structure function derived in this model does not behave like ~ / [ at low .;7 and neither like ~ (1-.;7)3 at .;7 ~ 1. This deviation, however, should not be taken so seriously, because we neglect soft gluon contribution in the low .;7 region and also resonance contribution at .;7 ~ 1 as shown in Fig. 1 . Therefore we consider that (2·8) should be adopted in the intermediate .;7 region except low .;7 and .;7~ 1. The structure function (2·8) also has a peak near .;7 ~ 1/ 3, which is apparently a bound state effect derived from the valence quark dominance ansatz. This clearly implies that (2·8) cannot be used in high Q2 phenomena, where gluons carry a considerably large fraction of total momentum, and should be corrected in terms of the perturbative QeD following the renormalization group equation.
It is interesting to discuss the behaviour of the structure function in the limit a ---; O. In this limit the confining harmonic oscillator potential vanishes. Then we can expect that our result coincides with that of free quark model. Actually (2·8) is rewritten as (2·10) oj In the derivation of (2·8) it is convenient to use the following parameterforms, i. e., o((Pj+q)'
and
The integration for the four momentum pj should be followed by that for fJ. Downloaded from https://academic.oup.com/ptp/article-abstract/65/1/282/1856194 by guest on 01 April 2019 in the limit, which is nothing but the result expected in a simple free quark model. Three valence quarks have the same fraction ~ = 1/3 in the limit. It Here we briefly comment on the work by Martin.
)
He used the distribution function of quarks similar to (2·9) by using the scalar quark model. His model is not covariant. The difference in ~-dependence between two models arises from the constraint 8«P-p)2) for two spectator quarks. We may say that our model excells his model in the covariance of the formalism and the introduction of spins. We can evaluate the structure functions itself including their absolute values as given in (2·8) and also directly research the non-leading term which contributes to R Prim , while in his model the distribution function is identified with the structure function, its absolute value is a free parameter and R Prim is not derived because of spinless quarks. It is also an important difference that in our formulation one can introduce the constraint like 8 ( (P -p) 2), whereas no way is left to introduce such a constraint in his non-covariant model. This difference appears clearly at ~=1, that is, VW2=0 at ~=1 in our model, whereas vW2 *0 at ~=1 in his model. In order to see the details of our model we write the mean value of squared transverse momentum (pi) of quarks for v W2,
The value of <pi> smoothly goes to zero as ~ goes to l. 13) It is easily seen that this zero is also due to the constraint e«p-p)2), i. e., (2'14) Without the constraint we obtain <P.l 2>¢=(4/3)Q'~(300 MeV/c)2 for Q' = 1/ I5( Ge V / c )2, which is nothing but the value derived as the expectation value of p.l2 in terms of the wave function ¢, i. e., Jd 4 pp.l21¢12. We can easily prove that (2·13) is smaller than <p.l2>¢ for all ~(O:S~:SI).
We also obtain the following mean value of p2 + P.l 2, which is identified with 
. QeD corrections and numerical results
As mentioned in § 1, the structure functions obtained in the previous section are considered to be "unrenormalized" and the Q2-evolution of the structure functions arises from the effect of QCD corrections following the renormalization group equation. 2 ),Il), *) We assume that the number of quark flavors is three and the exact SU(3)f holds. Now we have to determine the renormalization point Q/, where the valence quark dominance is realized. We may estimate Q02 to be the order of the threshold energy for quark-antiquark pair-production, i. e., Qo2 ~(2m)2~0.4(GeV /C)2!) For convenience' sake, we use the parameter t, which is defined by t= (16/27 )log(Q's(Qo2)/Q's(Q2» with Q's(Q2)=I2Jr/27[Iog(Q2/ A2)]-1 (A = cutoff parameter). 14) Considering that the soft gluon effect at low ~ and the *) We neglect the quark mass effect in the renormalization group equation, since the running quark mass may rapidly decrease as QZ increases. resonance effect at ~ ~ 1 are neglected in our model, we choose t = 1.3 so as to reproduce experimental values at Q2~4(GeV/c)215) in the region 0.3<x<0.8. The theoretical curves for the structure functions for quark component xQ(x) and antiquark component xQ(x) at Q2 ~ 4( Ge V / C)2 are presented for t = 1.3 by solid lines in Fig. 2 , where the curves (dashed lines) for t = 1.0 are also given for reference in order to see the variation in the structure functions for the change of t. From the fact that 0.5 GeV/c::Sil::S0.66 GeV/c,14) we can estimate 0.34(GeV/c)2::SQo2::S0.56(GeV/c)2 for t=1. 3 . These values are reasonable as was estimated to be (2m)2~0.4(GeV/c)2. We obtain fJdxl/W2~0.13 at Q2 = 4( Ge V / C)2. Taking account of the fact that the value of the integration (2 olla) in our model is estimated to be 0.82 at Q02 and deviates from 1, we have corrected value fJdxl/W2~0.13/0.82~0. 16 at Q2=4(GeV/c)2, which is consistent with the experimental value ~ 0.18. 14) We can obtain a better fit for xQ ( x) in the As for the R-ratio we consider a twist four contribution corresponding to R Prim derived in the last section, the contribution from the off-shell effect, in addition to the twist two contribution (R QCD ) derived in the leading QCD correction, i. e.,
R=Rprim+RQCIl.*)
The R-ratio for 0'=1/15(GeV/c)2 is compared with experiments 16 ) in Fig. 3 , where R QCIl is taken from Ref. 15 ) and we use the constituent quark mass m = 300 Me V:) because the running quark mass at Q02 is expected to approach the constituent quark mass. The R Prim written by solid lines in Fig. 3 well corrects the discrepancy of RQCJ) (dotted lines) from the experiments in the high x-region. Note that at low x, where R QCIl is consistent with the data, R Prim is relatively small to R QCD so that the good agreement of R
is not affected. For reference we also give R for m = 0 by dashed lines in Fig. 3 . We find that the quark mass effect on R is not so significant. We may say that our result is consistent with the experiments. It should be noticed that R Prim is quantitatively large, in spite of the fact that <p~2> «O.l(GeV /C)2) in our model is not large 13 ) and zero at x = 1. §
Comparison with parton model
The covariant harmonic oscillator quark model is compatible with naIve parton model in the following points:
i) It has the finite scaling limit.
ii) The dominant contribution for the scaling function comes from very narrow region of the quark momentum fraction, ~:S x == p+ / P+:S ~ + J-I.2 / Q2 with J-I.2 =positive finite value. This is easily seen after the integration for a-function in (2·4) is done. In parton model ~=x is expected. iii) Relations derived in parton model, e. g., the Callan-Gross relation, are reproduced in our model. Some rules derived in our model coincide with those of parton model in the limit 0' -> o.
iv ) We can rewrite Q2 R Prim as follows:
*) The QCD correction to RP,;m must be considered as well. However, QCD calculation corresponding to the twist four operators is not completed. In addition, this correction is expected to be of order log Q2 and will not give appreciable effects on RP,;m in the present experimental region of Q2, so we neglect the correction to RP,lm here.
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where m=(m+(1/3)M)/2, <p.l2> is given in (2'13) and
In the limit a --> 0 L1 goes to zero. When iii is interpreted to be the effective mass of quarks in nucleon, we may consider that the first term of (4·1) is just the prediction by parton modeP 7) and L1 is the off -shell effect. § 
Discussion
We have shown that the gross features of deep inelastic lepton scattering (structure functions, R and sum rules) can be consistently reproduced in a covariant harmonic oscillator quark model. It is also pointed out that our results are not very far from those predicted by parton model. We may say that our model is more powerful for the investigation of non-leading order of Q2 (higher twist contribution). Our model is quite similar to the covariant parton model proposed by Landshoff, Polkinghorne and ShoreS) In the formalism. The important advantage of our model over the covariant parton model is that our model is completely written by the wave function and all parameters can be determined in low energy physics. That is to say, our model makes it passible to interpret gross features of phenomena in all over the energy region. The evaluation of the structure functions has also been done in Bag model,19) where the QeD correction is not taken into account. They derived the scaling of the structure functions and the gross features of their results are similar to ours.
The main difference between them appears at low t and also at high t. In the Bag model ].JW2 behaves like ~ e at low t and is non-zero at t = 1, while ours do like ~ t at low t and is zero at ~ = 1. The zero at t = 1 should be reproduced and the behaviour ~ t at small t is also better than that of ~ e to reproduce experiments. These differences are due to the difference of quark spin structure in the proton wave function at rest and to the constraint e((p-p)2), which is not introduced in Ref. 19) . The difference between two models in the formalism is that the equation of motion of the proton wave function described as a three quark state is not given in Bag model, while our model has it (see the Appendix). For elastic eN scattering and low energy phenomena our model seems to be better than Bag model in the interpretation of dipole form factor of nucleon and linear rising mass formula. Now we would like briefly to mention why Eq. (2-4) has a finite scaling limit. For simplicity we neglect spins and the constraint (J ((P-p) 2). We can write the scaling function F( t) as follows: Any normalizable covariant model written by the metric (g""-2AP,,Pv/P 2 ) has a finite scaling limit.
In our model the constraint 8( (P -p)2) for breaking up mechanism of a parton into an interacting Quark and spectators plays an important role in deriving a right behaviour at .; = 1. This constraint, however, does not need to be universal for all processes. For example, in the massive lepton pair 1+ Z--production process by pft-collision we can consider two simple cases shown in Fig. 4 . In one case the constraint is expressed by 8( (PI -PI)2) 8( (P2 -P2)2) and the other by 8( (PI + P2 -(PI + P2))2). The former corresponds to the dynamics shown in Fig. 4a ), where spectator Quarks belonging to different protons in the initial state do not interact at all, while in the latter picture for Fig. 4b ) all spectator Quarks couples strongly.
Under the former constraint we obtain the same structure function in the r Zproduction as that of deep inelastic lepton scattering at least for the leading order of Q2. In the latter case, however, we will derive a different structure function, because 8(( (Pt + P2) -(PI + P2))2) is trivially satisfied in kinematics and does not lead any new constraint. In other words, the factorization of the structure function in the IN-and Pft processes is kept in the former case, whereas it is not right in the latter case. As pointed out in § 2, P 1. -distribution depends on the constraint. Our <P 1. 2> seems to be not large enough to explain the large P _c in the r r production. We stress that the factorizability of breaking up mechanism is not trivial in these hard scattering processes and effective P 1. -distribution may change in each process. We obtain the linear rising mass formula where Land n are, respectively, the total angular momentum and the principal quantum number of ¢ at the rest frame of hadron. The form factor of nucleon is derived as follows: (A -9) The power N of the term (l-q2/2M2)N is determined by N=n-l, where n is the number of valence quarks in a hadron.
S ),)))
We can also derive the following relation for the transition form factors from nucleon to nucleon resonance: which is consistent with experiments. 20 )
